The spectral energy distributions (SEDs), spanning the mid-infrared to millimeter wavelengths, of a sample of 13 high-mass protostellar objects (HMPOs) were studied using a large archive of 2-D axisymmetric radiative transfer models.
Introduction
The process of massive star-formation is a subject of current debate (McKee & Ostriker, 2007; Zinnecker, 2007) . While scaled up versions of the standard accretion model and competitive accretion models require high accretions rates (∼ 10 −3 M ⊙ /yr), competing coalescence models need high stellar densities (∼ 10 8 /pc 3 ). Presumably, the models are applicable in different regimes, but it is unclear if there is a limit to the stellar mass in the accretion models. The ubiquitous detection of outflows with derived high accretion rates supports an accretion picture (Churchwell 1999 , Henning et al 2000 , Zhang et al 2005 . Observations of spectral line infall signatures also indicate high infall rates (Zhang & Ho, 1997 , Keto, 2002 , Fuller, Williams & Sridharan, 2005 , Beltran et al 2006 , Keto & Wood, 2006 , Zapata et al 2008 . However, these results are subject to assumptions and questions. Therefore, other independent methods of deducing accretion and determining the accretion rates are important. In this paper, we model the SEDs of a subset of 13 HMPOs and find results that are consistent with the accretion scenario for massive star-formation. The study takes advantage of (1) the Spitzer legacy surveys GLIMPSE and MIPSGAL to enhance wavelength coverage for the SEDs at high spatial resolutions compared to previous data from IRAS and MSX surveys and (2) new modeling capabilities. Thus, the current work is a significant improvement over previous 1-D modeling of the same objects (Williams, Fuller & Sridharan, 2005) .
Sample and Data Analysis
The starting point is the full sample of 69 objects presented in Sridharan et al (2002) which was chosen by combining the Wood & Churchwell IRAS colors, lack of or weak cm-wavelength continuum emission, high luminosities, and CS detections. Images of the sample at 1.3mm and 450 & 850 µm wavelengths showed strong emission (Beuther et al -4 -2002 , Williams, Fuller & Sridharan, 2004 . Of the 69 fields, 52 had MIPSGAL data at both 24 and 70 µm of which 41 and 4 were saturated in the two bands, respectively. Attempts to overcome saturation using simple PSF fitting were abandoned due to poor fits. Presence of multiple objects also often prevented reliable photometry. We finally chose a subset of 13 objects, listed in Table 1 , for which (1) reliable fluxes could be obtained at 70 µm and atleast 2 IRAC bands from the GLIMPSE survey catalog (Spring '05, highly reliable), and (2) the GLIMPSE catalog position and the 1.2mm image peak were coincident. The kinematic distances listed, from Sridharan et al (2002) , used CS velocities. For cases where distance ambiguity is resolved here, the discarded distance is listed in parenthesis.
The fluxes at 24 and 70 µm were obtained by aperture photometry after background subtraction using the MOPEX/APEX package from the Spitzer Science Center (SSC).
Fluxes for the IRAC and MSX bands were obtained from the GLIMPSE Catalog and the MSXC6 Source Catalog respectively. Aperture correction factors recommended by the SSC were used for MIPS data. The 2MASS data are not included due to questionable associations because of the large and uncertain extinctions. A lower limit of 25% error was imposed on the measurements to account for uncertainties in the absolute flux calibration, photometry extraction and the possibility of variability. An upper limit (90% confidence) was imposed on some of the fluxes, particularly in the MSX bands, if the source had nearby luminous objects that were likely to have contributed significantly (> 15 − 20%) to the flux.
Combining the Spitzer data with measurements at 1.3mm, 450 and & 850 µm and with MSX data (wherever GLIMPSE data were not available) allowed us to construct SEDs for the 13 objects over a wide wavelength range. We then searched for models that were best fits to the SEDs in a large archive of two-dimensional (2D) axisymmetric radiative transfer models of protostars calculated for a large range of protostellar masses, accretion rates, disk masses, and disk orientations. (Robitaille et al 2006 ). This archive has a linear regression tool that can select all model SEDs that fit the observed SED better than a specified χ 2 . Each well-fit SED has a set of model parameters corresponding to it, such as stellar mass, temperature and age, envelope accretion rate, disk mass and envelope inner radius. The models assume that stars of all masses form via free-fall rotational collapse to a disk and accretion through the disk to the star (Ulrich 1976; Terebey, Shu, & Cassen 1987; Whitney et al. 2003a,b) ; thus the envelope accretion rate is one of the parameters that sets the envelope mass. This analysis will therefore serve as a test of the accretion scenario for massive star formation. The grid of models samples masses and ages of 0.1 -50 M ⊙ and 10 3 − 10 7 yrs respectively. The stellar luminosity and temperature are related to the age and mass through evolutionary tracks of Bernasconi & Maeder (1996) . Similar studies as this exist in the literature ( For each source, a range of visual extinction and distance uncertainty were explored: 0-30 magnitude; ± 0.5 kpc for the near distance and ± 1 kpc for the far distance and for cases with unambiguous distances except for the near distance for IRAS 19266+1745, where a range of 0.1 -0.8 kpc was used. For sources with distance ambiguity, fits were made for both distances. If more than one measurement was available at a given wavelength, the highest quality data were used. Thus, the following two rules were imposed: (1) when IRAC 8.0 µm data was available the MSX A band data were not used, and (2) when the MIPS 24 µm data was available the MSX E band was not used. Aperture radii used for the fits are 9 ′′ and 27 ′′ for the two MIPS bands, 30 ′′ for MSX data, 5 ′′ for IRAC data and different values for sub-mm/mm data, based on measured source sizes. Figure 1 shows the SEDs of the best-fitting model for three representative cases 2 , along with all models that fit the data reasonably well -with χ 2 − χ 2 best < ∆N, where ∆N = 3. This arbitrary cut off based on visual examination of the fits was adopted to give a reasonable number of models and to be consistent with that assumed by Robitaille et al (2007) . In cases where this yielded less than 5 models, we increased ∆N to 5 (IRAS 19217+1651 and the far distance cases of IRAS 18264-1152, IRAS 18372-0541, IRAS 18472-0022 and IRAS 18553+0414), to allow better estimates of the parameters and their variances. For the near distance case of IRAS 18553 + 0414, ∆N = 1 was adopted to restrict the number of models to 200.
Results and Discussion
From the fits shown in Figure 1 it is apparent that the best-fitting models match the SED data quite well. The poorest fit is for IRAS18264−1152 where higher resolution observations show the presence of multiple objects (Qiu et al 2007) . Unresolved multiplicity is a limitation of the study and we take the quality of the fits for the other sources as an indication that the SED and envelope structure are likely primarily affected by the most massive star in the system. Our primary conclusion from these fits is that the models provide a good description of the SEDs of the HMPOs.
The parameters obtained from the SED fitting, viz., the stellar mass, luminosity & temperature, M * , L * & T * , the envelope inner radius R in and the envelope accretion ratė M env are listed in Table 2 . While a formal confidence interval measure would be desirable, the model grid sampling a 14-dimensional space makes it difficult to do so. Nonetheless average values and variances for the parameters were obtained by taking a weighted average of all the models within a χ 2 − χ best 2 < ∆N, following Simon et al (2007) . For a majority of the sources M * was found to be constrained to within 3 M ⊙ and L * , T * andṀ env to within 0.5, 0.7 and 0.5 orders of magnitude. For the envelope inner radius R in , which did not seem to be well constrained, a range of values is listed.
We restrict further discussion to 9 sources with no or resolved distance ambiguity. IRAS 18264 -1152 and IRAS 18521 + 0134 because the corresponding 3.6 cm continuum flux was either undetected or was < 1 mJy . For IRAS 18431-0312, the near and far distances, which are within ± 10%, led to the same best fit model mass, envelope accretion rate, luminosity and the temperature within the uncertainties. Hence these parameters were averaged together.
The model masses, luminosities and temperatures are found to be spread over the ranges ∼ 10 -20 M ⊙ , 10 3.5 − 10 5 L ⊙ and 10 4 − 10 4.5 K respectively. Figure 2 shows the fitted accretion rates as a function of the stellar masses, with the main conclusion that we -8 -have high accretion rates: ≈ 10 −2.5 M ⊙ /yr. Current evidence for high accretion rates come from estimates based on high molecular outflow rates and infall studies (see references in section 1). These estimates are subject to a number of uncertainties -the velocities of the underlying jets, the projection angles, the fraction of the accreting material ejected in the jets, the size of the infall region and densities. Our result is an independent confirmation of high accretion rates using a different approach, and lends important credence to the accretion based massive star-formation scenario. We note that in our models, turbulence and magnetic fields are not included which affect the density profiles in the outer regions leading to uncertainties in the accretion rates.
Since all the objects show high accretion rates, this phase is not transient. With model masses up to ∼ 20M ⊙ , and assuming the high accretion rates derived to continue for ∼ 10 3 years, it appears plausible that stars of masses > 20 M ⊙ could form by accretion.
In comparison, outflow and infall studies mentioned above arrived atṀ disk of ∼ 10 −3 − 10 −4 M ⊙ /yr and a similar range for the infall rateṀ env .Ṁ env andṀ disk , are the rates of material falling on to the disk from the envelope, and the accretion rate from the circumstellar disk to the protostar respectively, a distinction often not carefully made in the literature. In the absence of episodic phenomena, the difference between the two represents the rate of flow in the outflow jets.
While our accretion rates appear to be consistent with being independent of mass, there may be a weak trend of increasingṀ env with stellar mass M * (Fig 2) . Although uncertain, we carry out a formal power law fit to allow comparison with evolutionary tracks, and obtain the best fit ofṀ env = 10 −4.2±1.1 × M * 1.4±0.9 M ⊙ /yr. Heeding Robitaille (2007) , who pointed out several caveats to SED modeling using this archive, we conducted checks to convince ourselves that the trend suggested is not due to biases from the model grid.
The distribution of all the grid points within the relevant range in the model archive and its best fit, both presented in Fig 2, Bernasconi & Maeder (1996) , used in the SED modeling do not incorporate accretion (the so called canonical models) and our accretion rates come from collapse models and density profiles, the agreement with the later Norberg and Maeder (2000) work on evolutionary tracks with accretion points to the potential of SED modeling to provide inputs to theoretical work on evolutionary tracks.
The power law indices for disk and envelope accretion rates are about the same which implies the fraction of the infalling material lost to the outflow is independent of mass.
Combining evolutionary track results and our SED model results, and taking the indices to be the same in the above two power laws, we can obtain a value for f , the fraction of theṀ env eventually arriving on the star to be f ≈ 10 −5 /10 −4.2 = 0.16. Conversely, the fraction lost to the outflow is f ′ = 1 − f = 0.84. This is to compared with a value of 15star-formation and the theoretically indicated value of f ′ ∼ = 1/3(f ∼ = 2/3) for low-mass star-formation (Tomisaka 1998 , Shu et al 1999 .
Summary and Conclusions
Combining a large archive of 2-D radiative transfer models (Robitaille et al 2006 and SEDs with wide wavelength coverage using the Spitzer GLIMPSE and MIPSGAL surveys, and the MSX and our published millimeter and sub-millimeter surveys, a carefully chosen subset of 13 HMPO candidates was modeled. The main findings are: (1) the models fit the data well with high implied envelope accretion ratesṀ env ≈ 10 −2.5 M ⊙ /yr, required for massive star-formation, lending credence to accretion based massive star-formation. (2) -10 -stars of masses > 20M ⊙ may form by accretion. We also find a possible mass dependence of the accretion rates as a power law and determine the fraction of the envelope accretion lost to the the outflow jets, both of which are subject to large uncertainties. These results can be improved by extension to larger samples using archival data and better PSF fitting to overcome saturation. This manuscript was prepared with the AAS L A T E X macros v5.2. 1. Refers to the χ 2 best divided by the number of flux data points (excluding the upper limit points). 
